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Proton-pumping mechanismsequences of subunits NuoM and NuoN in the membrane domain of Complex I
revealed a clear common pattern, including two lysines that are predicted to be located within the
membrane, and which are important for quinone reductase activity. Site-directed mutations of the amino
acid residues E144, K234, K265 and W243 in this pattern were introduced into the chromosomal gene nuoM
of Escherichia coli Complex I. The activity of mutated Complex I was studied in both membranes and in
puriﬁed Complex I. The quinone reductase activity was practically lost in K234A, K234R and E144A,
decreased in W243A and K265A but unchanged in E144D. Complex I from all these mutants contained 1 mol
tightly bound ubiquinone per mol FMN like wild type enzyme. The mutant enzymes E144D, W243A and
K265A had wild type sensitivity to rolliniastatin and complete proton-pumping efﬁciency of Complex I.
Remarkably, the subunits NuoL and NuoH in the membrane domain also appear to contain conserved lysine
residues in transmembrane helices, which may give a clue of the mechanism of proton translocation. A
tentative principle of proton translocation by Complex I is suggested based on electrostatic interactions of
lysines in the membrane subunits.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
The proton-translocating NADH:ubiquinone oxidoreductase or
Complex I (NDH-I in bacteria) is an L-shaped membrane-bound
enzyme, which is usually the ﬁrst member of the respiratory chain
and contributes to generation of protonmotive force by a hitherto
unknown mechanism. Complex I consists of two distinct domains,
one of which lies outside the membrane and contains FMN and
several iron–sulphur clusters. A high resolution structure of this
hydrophilic domain has been recently solved for Complex I from
Thermus thermophilus [1]. The membrane domain is composed of
subunits NuoA, H, J, K, L, M, and N in E. coli, and homologous proteins
in Complex I from other species, including mitochondria of
eukaryotes. Structural knowledge is more limited here, but this
domain must be involved in the process of quinone binding and
proton translocation.
Based on fragmentation with detergents [2], cross-linking [3], and
cryo-electron microscopy of two-dimensional crystals of the mem-
brane part of Complex I, [4] it was suggested that the membrane
subunits NuoA, H, J, K and N (E. coli nomenclature) are located in
fragments of the membrane arm adjacent to the water-solubleloride; DQ, decylubiquinone;
+358 9 191 58003.
. Verkhovskaya).
ll rights reserved.domain, where the quinone-binding site is also proposed to reside.
These ﬁndings are in agreement with the results of site-speciﬁc
mutagenesis of conserved membrane-located amino acid residues in
the NuoA [5], J [6] and K [7–9] subunits, which showed that they are
involved in ubiquinone reduction. Photoafﬁnity labeling with a
pyridaben derivative indicated the presence of two quinone-binding
sites in the mitochondrial analogues of E. coli subunits NuoB and
NuoH, although the latter was considered to be a low-afﬁnity site [10].
Less is known about the three largest subunits NuoM, N and L in the
membrane domain. Their intrinsic homology and structural relation to
a family of proton/cation antiporters [11,12] suggest that these
subunits could be involved in proton-pumping. Indeed, site-speciﬁc
mutagenesis of conserved amino acid residues in NuoN suggested that
this protein may be involved in the proton translocation mechanism
[13]. Recently, a similar study of the NuoM subunit was performed
[14]. Several conserved and non-conserved residues were substituted;
the quinone reductase activity of mutated Complex I and its sensitivity
to capsaicin were determined in membranes [14]. We have found that
NuoM and NuoN share a clear pattern of highly conserved residues.
Here, we present the results of site-directed mutagenesis of residues
which are a part of this common pattern in the NuoM subunit, using
isolated Complex I, membranes, and membrane vesicles from E. coli.
The results, together with analysis of the amino acid sequences of the
NuoN and M subunits, indicate that NuoM is also involved in energy
conversion. Predictions of the membrane topology of subunits NuoH,
L, M, and N suggest the presence in each of at least one conserved
Table 1
Bacterial strains and plasmids
Strain or
plasmid
Genotype/relevant properties Ref
Strains
GR70N F− thi rpsL gal, SmR, wild type complex I [15]
GRM8 GR70N nuoM::KmR This study
F− thi rpsL gal, SmR, NuoM mutants of complex I
GRM-mut mut indicates amino acid substitutions: E144D, E144A,
K234R, K234A, W243A or K265A
This study
Plasmids
pGEM-T
Easy
ApR, PCR product cloning vector Promega
pCR2.1-
TOPO
ApR, KmR, PCR product cloning vector Invitrogen
Litmus28 ApR, cloning vector, New England
BioLabs
pUC4K ApR, KmR, source of kanamycin resistance cassette AC X06404
pKO3 Gene replacement vector sacB, pSC101, CmR [16]
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mechanistic principle of proton translocation by Complex I, which will
be brieﬂy outlined.Fig. 1. The common pattern in NuoM and NuoN subunits in Complex I and large subunits of b
amino acid sequences of NuoM and NuoN subunits from E. coli Complex I and their homolo
Mycobacterium tuberculosis, Streptomyces coelicolor, Rhodobacter capsulatus and Paracoccus
sources of NuoM and NuoN homologues. NuoN homologues: E. coli, AP_002874 correcte
S. coelicolor, NP_628737; R. capsulatus, AAC25005; B. vulgaris, ABD36071; H. sapiens, AAZ00
NP_337770; S. coelicolor, NP_628736; R. capsulatus, P50974; B. vulgaris, BAB91330; H. sapiens
the alignments. (B) Comparison of the amino acid sequences of NuoM and NuoN subunits f
antiporters from bacteria. (MrpA homologues: Bacillus subtilis, Q9K2S2; Bacillus halodu
homologues: B. subtilis, O05229; B. halodurans, Q9KD98; S. aureus, P60687; R. meliloti, Q529
(CLUSTAL W (1.82) multiple sequence alignment).
⁎The numbering for NuoN is given as reported in [13], since these authors have found
terminus in comparison to the NuoN sequence reported in GenBank.2. Materials and methods
The bacterial strains based on E. coli GR70N [15] and plasmids used
are listed in the Table 1. All genetic manipulations, except for site-
directed mutagenesis, were carried out using XL-1 Blue and TOP10
(Invitrogen) E. coli strains. The pGEM-LMN vector used as DNA
template for mutagenesis and for restoration of the mutated nuoM
gene on the chromosome was constructed by cloning the nuoM gene
with up- and downstream regions ampliﬁed by PCR from genomic
DNA of GR70N into pGEM-T Easy vector (Promega) (see detailed
description in Supplementary material). Site-speciﬁc mutations were
introduced into pGEM-LMNusing the GeneEditor in vitro site-directed
mutagenesis system (Promega) according to the manufacturer's
instructions, followed by DNA sequencing of the mutated gene. The
oligonucleotides used for substitution of the four studied conserved
amino acids are listed in Supplementary material Table S1. Mutations
were introduced into the chromosome using the NuoM-deﬁcient
strain GRM8 and gene-replacement vector pKO3, as described by Link
et al. [16].
The NuoM-deﬁcient strain GRM8 was constructed by deleting the
internal part of the nuoM gene from the chromosomal DNA of the
GR70N E. coli strain, and replacing it by a unidirectionally transcribing
kanamycin resistance cassette (see detailed description in Supple-acterial multicomponent monovalent cation/proton antiporters. (A) Comparison of the
gues from different organisms. Six bacterial (Escherichia coli, Pseudomonas aeruginosa,
denitriﬁcans) and two eukaryotic (Beta vulgaris and Homo sapiens) genomes were the
d by Amarneh and Vik [13]⁎; P. aeruginosa, AAG06037; M. tuberculosis, NP_217674;
125. NuoM homologues: E. coli, AP_002875; P. aeruginosa, NP_251338; M. tuberculosis,
, ABB45451. Predicted transmembrane helices (PredictProtein [23]) are indicated above
rom E. coli Complex I and large subunits of multicomponent monovalent cation/proton
rans, Q7AJV8; Staphylococcus aureus, Q9ZNG6; Rhizobium meliloti, Q92RA3. MrpD
81. The conserved residues are shown in bold. The area of common pattern is shaded.
that the actual reading frame should encode additional 60 amino acid residues in N-
Fig. 2. Growth of E. coli strains with mutated NuoM subunit on malate (A) and rich (LB)
(B) media. GR70N, parent strain, circles; GRM8, ΔNuoM, black squares; GRM E144A
upward-pointing triangles; GRM E144D, downward-pointing triangles; GRM K234A,
right-pointing triangles; GRM K234R, left-pointing triangles; GRM W243A, diamonds,
GRM K265A, white squares.
Fig. 3. The activity of mutated Complex I. Dark columns, dNADH:HAR reductase, light
columns, dNADH:DQ reductase. (A) The activity of Complex I in the membranes. 100% of
dNADH:HAR reductase and dNADH:DQ reductase activities were 1.6 and 0.9 μmol
dNADHmg−1 min−1, respectively. (B) The activity of puriﬁed Complex I. 100% of dNADH:
HAR reductase and dNADH:DQ reductase activities were 115 and 25 μmol dNADH mg−1
min−1, respectively.
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mutated gene to the chromosome to facilitate selection of double-
crossover introduced mutation in KmS clones.
Bacteria were routinely grown in LB medium at 37 °C with
appropriate antibiotics at indicated concentrations (μg/ml); ampicillin
(100); streptomycin (50); kanamycin (50); chloramphenicol (20).
Growth tests were carried out under aerobic conditions at 37 °C in rich
(LB) and minimal, M9, medium, containing DL-malate as the sole
carbon source. The cells for the membrane preparationwere grown at
37 °C in LB medium until the late exponential phase. The membranes
for Complex I puriﬁcation were prepared as described in [17].
Puriﬁcation of Complex I was performed as described previously
[17]. The inverted membrane vesicles for ΔpH measurements were
prepared similarly as described in [18]. The cells were converted into
spheroplasts by treatment with 0.1 mg/ml lysozyme in the presence of
30% sucrose. The spheroplasts were suspended in buffer containing
100 mM HEPES-KOH, pH 7.5, 50 mM K2SO4, 10 mM MgSO4, 2 mM
dithiotreitol, DTT, and 0.5 mM phenylmethanesulfonyl ﬂuoride and
sonicated. After removal of the cell debris themembrane vesicles were
pelleted at 40,000 g×80 min and used the same day.
HAR and DQ reductase activities were measured as described in
[19].
For measurements of DQ reductase activity Complex I was
activated by phospholipid treatment [19]. Protein concentration was
determined by the BCA Protein Assay Reagent kit (Pierce) with bovine
serum albumin as a standard. Contents of FMN and tightly bound
quinone in puriﬁed Complex I were determined as described in [19]
and [20], respectively.
Energy-dependent acidiﬁcation of the interior of membrane
vesicles was followed by means of the pH-sensitive ﬂuorescent
probe, acridine orange, AO, (λex=493 nm, λem=530 nm). The medium
contained 5 μM AO, 100 mM HEPES-KOH, pH 7.5, 50 mM K2SO4, 1 mM
MgSO4, 2 μMvalinomycin and 5mMKCN, 50 μMDQ or 30 μMQ1were
present when indicated. The protein concentration was 35–60 μg/ml.
The reaction was initiated by the addition of 200 μM dNADH or 2 mM
DTT as indicated; gramicidin at 2 μg/ml was added to dissipate
generated ΔpH.3. Results
3.1. Sequence analysis of subunits NuoM and NuoN and generation of
site-speciﬁc mutations
Analysis of the primary amino acid sequence of subunits NuoM
and NuoN revealed a shared pattern of highly conserved residues in
both subunits (E-(X83–89)-K-(X6)-H-(X)-W-(X)-P-(X18–19)-K-(X7–8)-R-
(X34–35)-Q-(X3)-KR-(X3)-Y-X-S-(X2)-H, Fig. 1A), a part of which, viz.
H-X-W-X-P, was found previously [21]. This pattern is also conserved
in some bacterial antiporters that have been previously shown to have
some sequence similarity to subunits M, N and L [11,22] (Fig. 1B).
Several of the conserved amino acid residues predicted (PredictProtein
[23]) to be located in transmembrane segments (E144, K234 and K265)
and in a loop facing the cytoplasm (W243) were chosen for
mutagenesis. Single site-speciﬁc mutations that resulted in the
replacement of one of the conserved amino acid residues (E144A,
E144D, K234A, K234R, W243A and K265A) were generated in the
nuoM gene, and the mutated gene was introduced into the chromo-
some of the ΔnuoM strain.
3.2. Mutant phenotype and activity of the mutated Complex I
None of the mutations was capable to recover the Complex I-
deﬁcient phenotype, i.e. growth on malate (Fig. 2A). Moreover, the
replacements E144A, K234A and K234R signiﬁcantly affected cell
growth even in rich medium: these mutants reached the stationary
phase much earlier with a cell density four times less than that inwild
type (Fig. 2B). This effect was less pronounced for the E144D, K265A
and W243A replacements. The expression level of the mutated
Complex I was estimated by comparison of the artiﬁcial dNADH:
HAR oxidoreductase activity of the membranes from wild type and
Fig. 4. Acidiﬁcation of the interior of membrane vesicles from the NuoMmutants due to
operation of the proton pump monitored by the quenching of pH-sensitive probe, AO,
ﬂuorescence. (A) The proton transfer due to functioning of bo3 oxidase; the reactionwas
initiated with DTTaddition markedwith empty arrow in the presence of Q1. From top to
bottom: K265A, K234R, W243A, wt and E144D. (B) The proton transfer due to Complex I
pumping activity; the reaction was initiated by the addition of dNADH in the presence
of KCN and DQ. From top to bottom: K234R, K265A, W243A, wt and E144D. Generated
ΔpH was dissipated by gramicidin additions indicated by black arrows.
Fig. 5. Dependence of the initial rate of the proton transfer into the membrane vesicles
on DQ reductase activity of Complex I. The proton translocation into the vesicles from
wild type E. coli was monitored as in Fig. 4B by means of AO ﬂuorescence quenching.
The activity of Complex I was modiﬁed by the additions of rolliniastatin from 2 to
64 nM.
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was at the same level as in the wild type in contrast to the E144A
mutant, which contained twice less enzyme. Slightly decreased levels
of Complex I were found in the mutants W243A, K234A, and K234R
(∼70% of wild type) and K265A (∼90% of wild type). The natural
quinone reductase activity of Complex I in the membranes was 100%
of wild type for E144D and 54–56% for W243A and K265A, but the
other mutations resulted in drastic decrease of dNADH:DQ oxidor-
eductase activity: less than 5% in K234A, K234R, and E144A (Fig. 3A).
This result is in good agreement with the recent data by Torres-Bacete
et al. [14], who determined Complex I activity in membranes from the
same mutants. We found in addition that replacement of Lys234 not
only with the neutral alanine but with the basic arginine, also resulted
in almost complete loss of quinone reductase activity. Complex I was
puriﬁed with reasonably good yield from all mutants, which indicates
that the mutations did not signiﬁcantly affect the structural integrity
and stability, as occurred for example onmutations around FeS cluster
N7 in subunit NuoG [24]. All puriﬁed mutated Complex I preparations
showed dNADH:HAR oxidoreductase activities close to wild type. In
contrast, quinone reductase activity was 80%–100% of wild type only
in theW243A and E144D variants, but was decreased to 50% in K265A
and to 12–20% in the E144A, K234A, and K234R mutants (Fig. 3B).
Two approaches were used to test whether the mutations
disturbed the quinone-binding site: determination of the sensitivity
to the quinone-like inhibitor rolliniastatin, and assay of the amount of
tightly bound quinone. Titration of quinone reductase activity by
rolliniastatin in the puriﬁed Complex I mutants E144D and W243A
indicated no signiﬁcant changes of I50 in comparison with the wild
type, which is in agreement with similar sensitivity of these mutants
to capsaicin shown by Torres-Bacete et al. [14] for E. coli membranes.
In addition, the K234A variant with low quinone reductase activitywas inhibited by rolliniastatin in a similar way (not shown). Moreover,
none of the mutations signiﬁcantly changed the amount of tightly
bound quinone, which was found to be 0.9–1.0 mol/mol FMN in all
cases. From this we may conclude that the NuoM mutations that
inhibited quinone reductase activity hardly did so by altering the
binding of quinone (but see below).
3.3 Proton-pumping activity of mutated Complex I
Translocation of protons across the membrane by Complex I was
tested in membrane vesicles. The respiratory chain of E. coli contains
two NADH:ubiquinone oxidoreductases, Complex I and NADH
dehydrogenase type 2 (NDH2), and two terminal oxidases bo3 and
bd, of which the latter was not expressed under the growth conditions
used here. To avoid interference from NDH2 the substrate dNADHwas
used, which is speciﬁc for Complex I. The energy-dependent inﬂux of
protons due to operation of one of two proton pumps, Complex I or
bo3 oxidase, was monitored. Acidiﬁcation of the interior of membrane
vesicles due to bo3 functioning was initiated by the addition of DTT in
the presence of Q1. The rate and amplitude of this acidiﬁcation were
similar for all tested mutants and wild type, which indicates that the
mutations in Complex I did not signiﬁcantly affect the membrane
permeability for protons (Fig. 4A). To observe proton-pumping activity
of Complex I alone, the bo3 oxidase was inactivated by 5 mM KCN, and
the reaction was started by the addition of dNADH in the presence of
DQ (Fig. 4B). The mutations E144D and W243A neither decreased the
rate nor the amplitude of energy-dependent acidiﬁcation, whereas
both were signiﬁcantly decreased in K265A mutant vesicles, and in
K234R the acidiﬁcation was almost completely abolished. Measure-
ments of Δψ and ΔpH generation in membrane vesicles from the
E144D, E144A, K234A and K265A mutants were performed by Torres-
Bacete et al. [14]. However, in their study the membranes were
energized by dNADH in aerobic conditions in the absence of cyanide
and added ubiquinone. Under these circumstances both bo3 oxidase
and Complex I are functioning, and it is not possible to determine their
individual contributions to ΔμH+ generation.
We also estimated the efﬁciency of proton translocation by
Complex I. The rate and amplitude of the energy-dependent acidiﬁca-
tion of the interior of the membrane vesicles depend on the activity of
the proton pump, the membrane permeability for protons, the buffer
capacity, the properties of the used pH-sensitive probe, and someother
factors. It is thereforedifﬁcult to quantitate the properties of the proton
pumpon the basis of suchdata. However,we found that under the used
experimental conditions the initial rate of acidiﬁcation is linearly
dependent on the ubiquinone reductase activity of Complex I in a
limited range of this activity. Complex I activity was modulated by
Fig. 6. Scheme of spatial arrangement of the NuoM and NuoN subunits consisting of thirteen transmembrane helices, of which six bear a highly conserved pattern. Residues found to
be essential for quinone reductase activity are indicated by black crosses. Trp243 and Lys265 in NuoM, replacing of which to alanine yielded in partial loss of quinone reductase
activity aremarked by gray crosses. The numbering is shown for mutated residues in NuoM (this paper) and NuoN [13] subunits. Two lysines essential for the activity are predicted to
reside within the membrane dielectric.
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the initial rate of acidiﬁcation and DQ reductase activity wasmeasured
in parallel. The plot of the initial rate of acidiﬁcation against Complex I
activity shows that their ratio remains constant in the activity range
from 30 to 70% (Fig. 5). This ratio directly reﬂects the efﬁciency of the
proton pump even though it does not yield the numerical H+/e− ratio.
Nevertheless, this ratiomaybe useful as a parameter for relative proton
translocation efﬁciencies in mutants andwild type.We found that this
ratio was not signiﬁcantly different from wild type in the E144D,
W243A and K265A mutants, indicating that the stoichiometry of
proton-pumping remained unchanged in these variants even though
the activity was decreased by about one half in the latter case.
4. Discussion
4.1. Possible interaction of NuoM with other subunits
Subunit NuoM, together with NuoL, occupy the distal part of the
membrane domain, well separated from the hydrophilic fragment
[2,25]. Studies of partial fragmentation of Complex I by different
detergents have indicated that NuoM does not have extensive
interactions with the rest of Complex I, except with NuoL [2]. The
conserved Trp243, which is predicted to reside in a cytoplasmic loop
[PredictProtein [23]] and has its counterpart, Trp226, in the NuoN
subunit (Fig. 1), could be a connecting link to other subunits of
Complex I. Its replacement with alanine did not result in a dramatic
effect; however, the mutated Complex I could not sufﬁciently support
bacterial growth on malate and the yield of Complex I upon
puriﬁcation of the W243A variant was signiﬁcantly lowered. Such
results could be explained by interaction of the cytoplasmic loop 238–
253 of NuoM with cytoplasmic fragments of other subunits, which
may be important for the assembly of Complex I.
4.2. No indications of a quinone-binding site in the NuoM subunit
Our data shows that mutations of certain discrete amino acid
residues in the NuoM subunit that are predicted to be located within
the membrane result in severe loss of quinone reductase activity,
whilst HAR reductase remains nearly unaffected. The ubiquinone-
binding site is located at a very long (N60 Å) distance from the NuoM
subunit, close to the iron–sulfur center N2 of the peripheral domain
[1,4]. Yet, a bindingmotif for ubiquinone has been proposed in subunit
M [26], but binding of a ubiquinone analogue to this subunit has been
reported not to be affected by rolliniastatin [27]. This proposed
binding site lies at residues 184–206 in NuoM [27], which does not
directly involve the residues mutated here, and our data shows that
the single bound ubiquinone/Complex I is not released by any of the
mutations. However, this does not exclude the possibility of another
site where ubiquinone might be more loosely bound.4.3. A highly conserved amino acid pattern in the NuoM and NuoN
subunits
Fig. 6 shows a transmembrane model of the NuoM and NuoN
fragments that contain a pattern of conserved amino acid residues
distributed in a similar way in both subunits. The fragment consists of
six transmembrane helices, of which the ﬁrst contains Glu and the last
houses Ser and His. Two adjacent helices in the middle of the pattern,
each holding a lysine, are separated by a cytoplasmic loop containing
His, Trp and Pro. Lys and Gln reside in another loop, also facing the
cytoplasm. The localization of tyrosine is slightly different in the two
subunits; it resides in a transmembrane segment in NuoN and in a
boundary area in NuoM, but in both cases close to the cytoplasm.
Several mutations of these residues in the NuoM and NuoN subunits
(marked by crosses) resulted in loss or signiﬁcant decrease of quinone
reductase activity, as shown here and in [14,13].
The results of the replacement of a particular amino acid residue
from the pattern are not the same for both subunits. The Glu144 to
alanine substitution is critical for activity in NuoM (Fig. 3), but the
analogous replacement of Glu133 in NuoN is not crucial [13]. Also,
whilst the mutation K234R in NuoM is critical for enzyme activity, the
replacement of its counterpart in NuoN (K217) by arginine (but not by
cysteine), yielded only partial inactivation [13]. The most intriguing
feature of the pattern is the presence of two lysines in adjacent helices,
the replacements of which strongly affect quinone reductase activity.
Not only the positive charge, but also the properties of the side chain
are important in NuoM: the replacement of Lys234 by arginine
resulted in inactive enzyme. The presence of a basic amino acid
residue within the membrane dielectric is not frequent for membrane
proteins. It is therefore conceivable that these conserved lysines form
a part of the proton-pumping mechanism, shared by several subunits
(see below).
Since neither NuoN nor NuoM appears to contain conserved
intramembrane glutamates or aspartates adjacent to the lysines, one
might expect such partners from other membrane subunits. NuoA
contains two acidic residues, Glu81 and Asp79, in the middle of
transmembrane helix 2. The acidic property of these residues is
important since the replacement of both of them by neutral residues
caused complete loss of quinone reductase activity [5]. Both Glu81
and Asp79 appear to be uncompensated by basic residues in the
NuoA subunit. The NuoK subunit contains two uncompensated
intramembrane glutamates, which are also essential for activity
[7,9]. However, although subunit N is currently thought to be
neighbouring subunits A and K [4], making such ion pairing possible,
this is not the case for subunit M that is depicted to lie further out
along the membrane arm. The alternative is that the conserved
lysines in M and N do not form ion pairs with acidic residues from
other subunits, and that they might instead have a particular function
on their own (see below).
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Since Complex I catalyzes fully reversible ubiquinone reduction by
NADH, which is linked to proton translocation, proton-pumping must
be tightly coupled to the redox chemistry. Modiﬁcation of residues
important in proton-pumping would therefore a priori be expected to
block electron transfer to ubiquinone as well, and this is our primary
interpretation of the current data.
We note that the theme of conserved lysine residues predicted to
lie inside the membrane domain in subunits NuoM and N is also
fulﬁlled in the case of the third antiporter-like subunit, NuoL.
Remarkably, this feature is found for subunit H as well, which has
been reported to be closely associated to the iron–sulfur center N2 in
the peripheral arm, and with the binding site for ubiquinone [28]. The
proton-pumping mechanism of Complex I must conform to the
following basic requirements: (i) tight coupling to reduction of
ubiquinone by NADH via the peripheral arm, (ii) an H+/2e−
stoichiometry of 4 [29,30], and (iii), involvement of the subunits of
the membrane domain. The approximately 100 Å distance between
the N2 center and the far edge of the membrane arm (subunit L; [28])
appears to exclude directly coupled proton translocationmechanisms,
and a conformationally coupled mechanism has indeed been
anticipated [28,31–33]. However, concrete suggestions of how such
a mechanism might work have been scarce, obviously due to the lack
of structural information at high resolution.
Baranova et al. [4] suggested that the L, M, and N subunits may
each translocate one of the four protons pumped during the catalytic
cycle by a conformational mechanism, and that the fourth proton
might be translocated by a directly coupled mechanism in the domain
near the tightly bound ubiquinone. Nevertheless, the question
remains of how to envisage thermodynamically tight coupling
between ubiquinone reduction by center N2, and apparently con-
certed proton translocation by the subunits of the membrane arm. A
common mechanical link between the ubiquinone reduction site and
the proton-translocating subunits does not appear feasible, because it
would have to extend almost 100 Å into the membrane arm. As an
alternative, we suggest that the coupling may be electrostatic and
cooperative in nature, andmay bemanifested by interactions between
neighbour subunits that successively transmit the energy of ubiqui-
none reduction from the ubiquinone-binding domain to subunits N, M
and L in that order (see below).
The results presented here for the M subunit (and see [14]), the
earlier data on the N subunit [13], and the unique presence of
conserved lysine residues predicted to lie in transmembrane regions
of the H, L, M, and N subunits, might provide a clue for themechanism.
The H subunit is close to the site of ubiquinone binding near the FeS
center N2 [2,4,10,25]. Hence, we suggest that this is the domainwhere
the primary coupling of Q reduction to proton translocation is
initiated. Thus the cluster of membrane subunits A, H, J and K near
the connection to the peripheral armmay be a “coupling domain” that
is responsible both for transferring free energy from the redox event
into the more distant parts of the membrane arm, and for translocat-
ing one proton. The other three subunits of the membrane arm (N, M,
and L) lying further away, each functions as translocator of one proton,
as proposed by Baranova et al [4]. Proton translocation is in each case
thought to take place by protonation and deprotonation of key
protonatable residues within membrane helices that, alternatively,
have access to the inside or outside of the membrane. Such alternative
access has been described in terms of crystal structures for the H+/
lactose symporter [34] and for the Na+/H+ antiporter NhaA [35], both
of which encompass protonatable amino acids (including lysine)
within the membrane.
Due to the conservation of lysine residues in the membrane
domains of subunits H, N, M, and L, and their functional importance
based on mutagenesis data, it is possible that these subunits interact
electrostatically with their neighbours by means of these lysines. Thismight cause a proton uptake and release pattern with alternate pKa
shifts of the lysines in a two-phase process that is initiated by
formation of the semiquinone anion (or the hydroquinone anion) in
the “coupling domain”. The ﬁrst phase of electrostatic polarisation,
involving shifts of the pKa values of the conserved lysines, and possibly
of the orientation of their side chains, might thus be transmitted from
the charged ubiquinone throughout the membrane arm all the way to
and including subunit L. This phasemay already include partial proton
transfers involved in the pumping process. The second phase may be
initiated by subunit L and proceed in the reverse direction, inwards,
towards the “coupling domain”. This phase would complete the
proton-pumping process, and ﬁnally result in neutralisation of the
negative charge of the ubiquinone by protonation (uptake of
“substrate proton”).
Such a mechanistic principle would ensure an overall stoichio-
metry of four translocated protons per oxidized NADH [29,30] and
would explain the requirement of several proton-translocating
subunits in the hydrophobic membrane arm. Of the two alternatives
proposed here, the involvement of the ubiquinol anion (rather than
ubisemiquinone) may bemore consistent with the notion that it is the
reduction of the ubisemiquinone to ubiquinol that provides the entire
driving force for proton translocation in Complex I [36,37]. The
proposed mechanistic principle is still one of direct (electrostatic)
coupling, in which conformational changes are restricted to switching
the proton connectivity of each lysine to the two sides of the
membrane on the basis of the protonation state.
Our proposal is admittedly speculative, and the underlying
thermodynamics will be assessed in a separate publication. Yet, we
hope that the proposed principle may provide a framework for
experimental testing in the future.
Acknowledgements
This work was supported by grants from Biocentrum Helsinki, the
Sigrid Juselius Foundation, and the Academy of Finland. MWacknowl-
edges helpful discussions with Gerhard Hummer (Laboratory of
Chemical Physics, NIDDK, NIH, USA).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi: 10.1016/j.bbabio.2008.06.001.
References
[1] L.A. Sazanov, P. Hinchliffe, Structure of the hydrophilic domain of respiratory
complex I from Thermus thermophilus, Science 311 (2006) 1430–1436.
[2] P.J. Holt, D.J. Morgan, L.A. Sazanov, The location of NuoL and NuoM subunits in the
membrane domain of the Escherichia coli complex I: implications for the
mechanism of proton pumping, J. Biol. Chem. 278 (2003) 43114–43120.
[3] M.C. Kao, A. Matsuno-Yagi, T. Yagi, Subunit proximity in the H+-translocating
NADH-quinone oxidoreductase probed by zero-length cross-linking, Biochemistry
43 (2004) 3750–3755.
[4] E.A. Baranova, D.J. Morgan, L.A. Sazanov, Single particle analysis conﬁrms distal
location of subunits NuoL and NuoM in Escherichia coli complex I, J. Struct. Biol.
159 (2007) 238–242.
[5] M.C. Kao, S. Di Bernardo, M. Perego, E. Nakamaru-Ogiso, A. Matsuno-Yagi, T. Yagi,
Functional roles of four conserved charged residues in the membrane domain
subunit NuoA of the proton-translocating NADH-quinone oxidoreductase from
Escherichia coli, J. Biol. Chem. 279 (2004) 32360–32366.
[6] M.C. Kao, S. Di Bernardo, E. Nakamaru-Ogiso, H. Miyoshi, A. Matsuno-Yagi, T. Yagi,
Characterization of the membrane domain subunit NuoJ (ND6) of the NADH-
quinone oxidoreductase from Escherichia coli by chromosomal DNAmanipulation,
Biochemistry 44 (2005) 3562–3571.
[7] M.C. Kao, E. Nakamaru-Ogiso, A. Matsuno-Yagi, T. Yagi, Characterization of the
membrane domain subunit NuoK (ND4L) of the NADH-quinone oxidoreductase
from Escherichia coli, Biochemistry 44 (2005) 9545–9554.
[8] M. Kervinen, J. Patsi, M. Finel, I.E. Hassinen, Positional constraints of a pair of
membrane-embedded acidic residues in the NuoK subunit (ND4L subunit
counterpart) of Escherichia coli NDH-1 for high ubiquinone reductase activity
and growth, Biochim. Biophys. Acta 1658 (2004) 19.
[9] M. Kervinen, J. Patsi, M. Finel, I.E. Hassinen, A pair of membrane-embedded acidic
residues in the NuoK subunit of Escherichia coli NDH-1, a counterpart of the ND4L
1172 L. Euro et al. / Biochimica et Biophysica Acta 1777 (2008) 1166–1172subunit of the mitochondrial complex I, are required for high ubiquinone
reductase activity, Biochemistry 43 (2004) 773–781.
[10] F. Schuler, J.E. Casida, Functional coupling of PSST and ND1 subunits in NADH :
ubiquinone oxidoreductase established by photoafﬁnity labeling, Biochim.
Biophys. Acta 1506 (2001) 79–87.
[11] T. Hiramatsu, K. Kodama, T. Kuroda, T. Mizushima, T. Tsuchiya, A putative
multisubunit Na+/H+ antiporter from Staphylococcus aureus, J. Bacteriol. 180
(1998) 6642–6648.
[12] C. Mathiesen, C. Hagerhall, Transmembrane topology of the NuoL, M and N
subunits of NADH : quinone oxidoreductase and their homologues among
membrane-bound hydrogenases and bona ﬁde antiporters, Biochim. Biophys. Acta
1556 (2002) 121–132.
[13] B. Amarneh, S.B. Vik, Mutagenesis of subunit N of the Escherichia coli complex I.
Identiﬁcation of the initiation codon and the sensitivity of mutants to
decylubiquinone, Biochemistry 42 (2003) 4800–4808.
[14] J. Torres-Bacete, E. Nakamaru-Ogiso, A. Matsuno-Yagi, T. Yagi, Characterization of
the NuoM (ND4) Subunit in Escherichia coli NDH-1. Conserved charged residues
essential for energy-coupled activities, J. Biol. Chem. 282 (2007) 36914–36922.
[15] G.N. Green, R.G. Kranz, R.M. Lorence, R.B. Gennis, Identiﬁcation of subunit-I as the
cytochrome-B558 component of the cytochrome-D terminal oxidase complex of
Escherichia coli, J. Biol. Chem. 259 (1984) 7994–7997.
[16] A.J. Link, D. Phillips, G.M. Church, Methods for generating precise deletions and
insertions in the genome of wild-type Escherichia coli: application to open reading
frame characterization, J. Bacteriol. 179 (1997) 6228–6237.
[17] G. Belevich, L. Euro, M. Wikström, M. Verkhovskaya, Role of the conserved
arginine 274 and histidine 224 and 228 residues in the NuoCD subunit of complex
I from Escherichia coli, Biochemistry 46 (2007) 526–533.
[18] A.L. Semeykina, V.P. Skulachev, M.L. Verkhovskaya, E.S. Bulygina, K.M. Chumakov,
The Na+-motive terminal oxidase activity in an alkalo- and halo-tolerant Bacillus,
Eur. J. Biochem. 183 (1989) 671–678.
[19] L. Sinegina, M. Wikström, M.I. Verkhovsky, M.L. Verkhovskaya, Activation of
isolated NADH:ubiquinone reductase I (complex I) from Escherichia coli by
detergent and phospholipids. Recovery of ubiquinone reductase activity and
changes in EPR signals of iron–sulfur clusters, Biochemistry 44 (2005) 8500–8506.
[20] E.R. Redfearn, Isolation and determination of ubiquinone. Methods Enzymol. 10
(1967) 381–384.
[21] I.M. Fearnley, J.E. Walker, Conservation of sequences of subunits of mitochondrial
Complex-I and their relationships with other proteins, Biochim. Biophys. Acta
1140 (1992) 105–134.
[22] C. Mathiesen, C. Hagerhall, The ‘antiporter module’ of respiratory chain Complex I
includes the MrpC/NuoK subunit — a revision of the modular evolution scheme,
FEBS Lett. 549 (2003) 7–13.[23] B. Rost, G. Yachdav, J.F. Liu, The PredictProtein server, Nucleic Acids Research 32
(2004) W321–W326.
[24] T. Pohl, T. Bauer, K. Dorner, S. Stolpe, P. Sell, G. Zocher, T. Friedrich, Iron–sulfur
cluster N7 of the NADH:ubiquinone oxidoreductase (complex I) is essential
for stability but not involved in electron transfer, Biochemistry 46 (2007)
6588–6596.
[25] E.A. Baranova, P.J. Holt, L.A. Sazanov, Projection structure of themembrane domain
of Escherichia coli respiratory complex I at 8 Å resolution, J. Mol. Biol. 366 (2007)
140–154.
[26] N. Fisher, P.R. Rich, A motif for quinone binding sites in respiratory and
photosynthetic systems, J. Mol. Biol. 296 (2000) 1153–1162.
[27] X. Gong, T. Xie, L. Yu, M. Hesterberg, D. Scheide, T. Friedrich, C.A. Yu, The
ubiquinone-binding site in NADH:ubiquinone oxidoreductase from Escherichia
coli, J. Biol. Chem. 278 (2003) 25731–25737.
[28] L.A. Sazanov, Respiratory complex I: mechanistic and structural insights provided
by the crystal structure of the hydrophilic domain, Biochemistry 46 (2007)
2275–2288.
[29] M. Wikström, Two protons are pumped from the mitochondrial matrix per
electron transferred between NADH and ubiquinone, FEBS Lett. 169 (1984)
300–304.
[30] A.S. Galkin, V.G. Grivennikova, A.D. Vinogradov, ®H+/2e− stoichiometry in NADH-
quinone reductase reactions catalyzed by bovine heart submitochondrial particles,
FEBS Lett. 451 (1999) 157–161.
[31] U. Brandt, S. Kerscher, S. Drose, K. Zwicker, V. Zickermann, Proton pumping by
NADH:ubiquinone oxidoreductase. A redox driven conformational change
mechanism? FEBS Lett. 545 (2003) 9–17.
[32] T. Friedrich, Complex I: a chimaera of a redox and conformation-driven proton
pump? J. Bioenerg. Biomembr. 33 (2001) 169–177.
[33] T. Yagi, A. Matsuno-Yagi, The proton-translocating NADH-quinone oxidoreduc-
tase in the respiratory chain: the secret unlocked, Biochemistry 42 (2003)
2266–2274.
[34] O. Mirza, L. Guan, G. Verner, S. Iwata, H.R. Kaback, Structural evidence for induced
ﬁt and a mechanism for sugar/H+ symport in LacY, EMBO J. 25 (2006) 1177–1183.
[35] C. Hunte, E. Screpanti, M. Venturi, A. Rimon, E. Padan, H. Michel, Structure of a
Na+/H+ antiporter and insights into mechanism of action and regulation by pH,
Nature 435 (2005) 1197–1202.
[36] C.C. Moser, T.A. Farid, S.E. Chobot, P.L. Dutton, Electron tunneling chains of
mitochondria, Biochimica et Biophysica Acta-Bioenergetics 1757 (2006)
1096–1109.
[37] M.L. Verkhovskaya, N. Belevich, L. Euro, M. Wikström, M.I. Verkhovsky, Real-time
electron transfer in respiratory Complex I, Proc. Natl. Acad. Sci. U. S. A. 105 (2008)
3763–3767.
